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Human immunodeficiency virus type 1 (HIV-1) gene expression is modulated by both viral and cellular
factors. A regulatory element in the HIV-1 long terminal repeat known as TAR, which extends from nucleotides
218 to180, is critical for the activation of gene expression by the transactivator protein, Tat. RNA transcribed
from TAR forms a stable stem-loop structure which serves as the binding site for both Tat and cellular factors.
Although TAR RNA is critical for Tat activation, the role that TAR DNA plays in regulating HIV-1 gene
expression is not clear. Several studies have demonstrated that TAR DNA can bind cellular proteins, such as
UBP-1/LBP-1, which repress HIV-1 gene expression and other factors which are involved in the generation of
short, nonprocessive transcripts. In an attempt to characterize additional cellular factors that bind to TAR
DNA, a lgt11 expression cloning strategy involving the use of a portion of TAR DNA extending from 218 to
128 to probe a HeLa cDNA library was used. We identified a cDNA, designated TAR DNA-binding protein
(TDP-43), which encodes a cellular factor of 43 kDa that binds specifically to pyrimidine-rich motifs in TAR.
Antibody to TDP-43 was used in gel retardation assays to demonstrate that endogenous TDP-43, present in
HeLa nuclear extract, also bound to TAR DNA. Although TDP-43 bound strongly to double-stranded TAR DNA
via its ribonucleoprotein protein-binding motifs, it did not bind to TAR RNA extending from 11 to 180. To
determine the function of TDP-43 in regulating HIV-1 gene expression, in vitro transcription analysis was
performed. TDP-43 repressed in vitro transcription from the HIV-1 long terminal repeat in both the presence
and absence of Tat, but it did not repress transcription from other promoters such as the adenovirus major
late promoter. In addition, transfection of a vector which expressed TDP-43 resulted in the repression of gene
expression from an HIV-1 provirus. These results indicate that TDP-43 is capable of modulating both in vitro
and in vivo HIV-1 gene expression by either altering or blocking the assembly of transcription complexes that
are capable of responding to Tat.

Multiple regulatory elements in the human immunodefi-
ciency virus type 1 (HIV-1) long terminal repeat (LTR) are
critical in controlling the level of gene expression (24). These
elements, including NF-kB (51), Sp1 (27, 30), TATA (5, 23, 31,
43, 53, 54), and TAR (23, 31, 34, 62, 71, 72, 74), serve as
binding sites for a variety of cellular transcription factors which
may either directly or indirectly influence the degree of trans-
activation by the Tat protein. The exact mechanism by which
Tat stimulates gene expression is not known, although effects
on both transcriptional initiation and elongation seem likely
(20, 33, 34, 42, 45, 55). Identifying cellular transcription factors
that modulate Tat function is therefore critical in understand-
ing the mechanisms regulating HIV-1 gene expression.
One regulatory element in the HIV-1 LTR known as TAR is

critical for Tat activation (57). The TAR element, which ex-
tends from 218 to 180 in the HIV-1 LTR, is transcribed into
a stable stem-loop RNA structure between 11 and 160 which
is critical for Tat activation (4, 21, 22, 28, 60). At least three
regions within TAR RNA, including the stem structure, the
bulge, and the loop sequences, are each required for high
levels of Tat activation (6, 21, 22, 59). The bulge region in TAR

RNA serves as the binding site for Tat (12, 17, 69), while
the loop sequences serve as the binding site for the cellular
factor TRP-185 (62, 71). The use of heterologous promoter
constructs has demonstrated that the presence of TAR is suf-
ficient to confer responsiveness to Tat (5, 55). In addition,
recent studies indicate that HIV-1 strains containing TAR
element mutations exhibit markedly decreased growth proper-
ties (27).
In contrast to the established role of TAR RNA on modu-

lating HIV-1 gene expression, the function of TAR DNA re-
mains less clear. DNase I footprinting with both HeLa and
T-lymphocyte nuclear extracts gave extensive protection over
TAR DNA extending from 210 to 152 (22, 23, 31, 44). Chro-
matographic fractionation of HeLa nuclear extract resulted in
the purification of a 64-kDa protein designated UBP-1 or
LBP-1 (72), which binds to multiple sites present in both TAR
DNA and sequence motifs flanking the TATA box (31, 34, 72,
74). The binding of purified UBP-1/LBP-1 (34, 74) to these
latter sites represses HIV-1 gene expression in in vitro tran-
scription assays, probably by preventing the assembly of func-
tional transcription initiation complex. The cloning and subse-
quent analysis of several cDNAs encoding four members of the
LBP-1 family of transcription factors have further demon-
strated the ability of these proteins to bind to TAR DNA and
repress basal gene expression from the HIV-1 LTR (74). Other
proteins such as CTF/NF1 have also been shown to bind to
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downstream regions of TAR DNA, although their roles in
HIV-1 gene regulation remain to be determined (31).
Another TAR DNA element has also been implicated in the

generation of short, nonprocessive transcripts that terminate at
the base of the TAR RNA stem-loop structure in the absence
of Tat (55, 61). The regulatory element responsible for the
generation of these transcripts, designated the inducer of short
transcripts, has been mapped to a DNA element in TAR lo-
cated between nucleotides 24 and 125 (61). When TAR is
placed downstream of a variety of heterologous promoters, the
inducer of short transcripts possesses enhancer activity which
generates high levels of short transcripts that terminate ap-
proximately at nucleotide 160 (55). Although the generation
of these short transcripts is not required for Tat activation,
such transcripts may play an important role in other facets of
the HIV-1 life cycle such as viral latency. In short, TAR DNA
may possess distinct regulatory elements that play an impor-
tant role in modulating HIV-1 gene expression. Therefore, it is
important to identify and characterize additional cellular pro-
teins that bind to the TAR DNA region and determine their
potential roles on HIV-1 gene expression.
In this study, we used UV cross-linking of a labeled TAR

DNA probe, in the presence of different HeLa nuclear extract
fractions, to identify three prominent cellular DNA-binding
proteins with molecular masses of approximately 43, 65, and
110 kDa. In an attempt to identify genes encoding these pro-
teins, we used an expression cloning method (63) with oligo-
nucleotides corresponding to a portion of the HIV-1 LTR
extending from218 to128 to probe a lgt11 library containing
HeLa cDNA. We identified a cDNA, designated the TAR
DNA-binding protein of 43 kDa (TDP-43), which has homol-
ogy with other cellular proteins that contain the ribonucleo-
protein-binding domain (RNP) (for reviews, see references 3,
17, 35, and 46). Gel retardation analysis indicated that recom-
binant TDP-43 bound specifically to pyrimidine-rich sequence
motifs in TAR DNA but did not bind to TAR RNA. TDP-43
repressed gene expression from the HIV-1 LTR in both the
absence and the presence of Tat in in vitro transcription assays
and in vivo when cotransfected with an HIV-1 proviral con-
struct in HeLa cells. These results describe the characteriza-
tion of a novel transcription factor which binds to TAR DNA
and is involved in both the in vitro and in vivo regulation of
HIV-1 gene expression.

MATERIALS AND METHODS

UV cross-linking of endogenous HeLa nuclear proteins binding to the HIV-1
LTR from 218 to 128. HeLa nuclear extract was fractionated on a phosphocel-
lulose column and step-eluted with KCl into four fractions: A (0.1 M KCl eluate),
B (0.3 M KCl eluate), C (0.5 M KCl eluate), and D (1.0 M KCl eluate) (16).
About 1 mg of each of these phosphocellulose column fractions was incubated at
room temperature for 10 min in gel retardation buffer (50 mM KCl, 10 mM Tris
[pH 7.9], 0.1 mM EDTA, 10% glycerol, 0.5 mM dithiothreitol, 5 mM MgCl2)
with 3 mg of nonspecific competitor poly(dG-dC)-poly(dG-dC) in a total volume
of 40 ml. Then 150,000 cpm of a 32P-end-labeled double-stranded HIV-1 LTR
oligonucleotide extending from nucleotide 218 to 128 was added to the sam-
ples, and the mixtures were incubated for an additional 20 min at room temper-
ature. The samples were put on ice and irradiated with UV light for 30 min, using
a UV transilluminator (UVP, Inc.) placed about 4 cm above the samples (72).
The 1.5-ml microcentrifuge tubes containing the samples were uncapped during
the period of UV irradiation. An equal volume of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer was added, and
the samples were heated at 958C for 5 min and then analyzed by autoradiography
following electrophoresis on an SDS-PAGE gel (10% polyacrylamide).
For oligonucleotide competition experiments, only the phosphocellulose col-

umn A fraction was used. The conditions were essentially the same as above,
except that only 100 ng of nonspecific competitor poly(dG-dC)-poly(dG-dC) was
used. The fraction A sample was incubated with 10 ng of double-stranded
oligonucleotides as specific competitors at room temperature for 10 min prior to
the addition of the 32P-end-labeled probe. The sequences of the oligonucleotides
used as specific competitors were as follows: wild-type HIV-1 LTR from 218 to

128 (sequences described elsewhere);218 to128 with mutations of pyrimidine-
rich sequences, 59-CTGACGTACGTACGTACGTACATGCGTACGTTACG
GACCATCT-39; and a region of the interleukin-2 promoter enhancer from
2295 to 2275, 59-AATTGGAGGAAAAACTGTTTCATACAGAAGGCGT-39.
Expression cloning of a cDNA encoding TDP-43. A random-primed lgt11

HeLa cell spinner cDNA library was screened with double-stranded 32P-labeled
multimerized oligonucleotides that correspond to nucleotides which extend from
218 to 128 in the HIV-1 LTR (63). The sequence of one strand of these
oligonucleotides used was 59-CTGCTTTTTGCCTGTACTGGGTCTCTCTGG
TTAGACCAGATCTGAG-39. Multiple overlapping clones were identified, and
the longest cDNA clone (2.8 kb) contained the complete coding sequence of
TDP-43. Different EcoRI fragments generated from the cDNA were used in a
Northern (RNA) blot analysis with HeLa poly(A)-selected mRNA to ensure that
all the EcoRI fragments were derived from one contiguous cDNA.
Northern analysis of TDP-43. Northern blot analysis was performed with 10

mg of HeLa or 5 mg of Jurkat poly(A)-selected mRNA following electrophoresis
through a 1% formaldehyde–agarose gel. A human tissue Northern blot (Clone-
tech) containing 2 mg of poly(A)-selected mRNA from various human tissues
was also analyzed. An EcoRI-NdeI DNA fragment of the TDP-43 cDNA corre-
sponding to amino acids 59 to 165 was random-primed labeled with a room
temperature labeling kit (Pharmacia). This probe was hybridized to the Northern
blots by a rapid-hybridization protocol (Amersham) followed by autoradiography
for 4 h as recommended by the manufacturer.
Generation of rabbit polyclonal antiserum against TDP-43. A portion of

TDP-43 corresponding to amino acids 92 to 315 was expressed as a gene 10
fusion protein, mixed with complete Freund’s adjuvant, and injected into rabbits
(54). Fifteen days after the first injection, another injection of this fraction in
incomplete Freund’s adjuvant was given. Bleeding was performed 10 days after
the second injection, and the serum obtained was diluted 1:1 with 1.5 M gly-
cine–3 M NaCl (pH 8.9). It was then loaded onto a protein A-Sepharose column,
equilibrated with the same buffer, and washed extensively with 20 column vol-
umes, and the bound immunoglobulin G was eluted with 0.1 M citric acid (pH
3.0) and neutralized with 1/10 volume of 3 M Tris (pH 8.9) at 48C. The peak
immunoglobulin G fraction, as determined by the Bradford method, was dialyzed
into 13 phosphate-buffered saline (PBS) at 48C overnight. The purified TDP-43
antiserum was subsequently used in Western immunoblot experiments.
Western blot analysis of endogenous TDP-43. Equal amounts of protein (;100

mg) from each of the phosphocellulose fractions (0.1, 0.3, 0.5, and 1 M KCl) were
subjected to SDS-PAGE (10% polyacrylamide) and transferred to nitrocellulose
paper. The immunoreactive endogenous TDP-43 band was visualized by the
chemiluminescence protocol (Amersham) with a 1:1,000 dilution of TDP-43
rabbit polyclonal antibody and a 1:10,000 dilution of secondary antibody.
‘‘Shift-Western’’ assay of endogenous TDP-43. The ‘‘Shift-Western’’ assay is a

modification of the published procedure (15). For gel retardation analysis, HeLa
nuclear extract phosphocellulose fraction A (100 mg) was incubated with oligo-
nucleotides corresponding to a region in TAR DNA between 218 and 128. The
binding was performed at 308C for 30 min in buffer containing 20 mM N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES; pH 7.9), 25 mM KCl,
2 mM spermidine, 0.1 mM EDTA, 0.5 mM dithiothreitol, bovine serum albumin
at 100 mg/ml, 10% glycerol, 0.025% Nonidet P-40, 5 mg of poly(dG-dC)-poly(dG-
dC), and 5 mMMgCl2. DNA-protein complexes were subjected to electrophore-
sis at 48C with a constant voltage of 120 V on a 5% native polyacrylamide gel
containing 0.53 Tris-borate-EDTA (TBE), 1 mM EDTA, and 0.05% Nonidet
P-40. Binding assays were carried out in identical triplicate sets, and the products
were resolved on the same gel. After electrophoresis was completed, one set of
binding-assay mixtures was dried and subjected to autoradiography while the
other two sets were subjected to a standard Western blot protocol as described
above. The nitrocellulose blot was then divided in half: one half was probed with
the preimmune rabbit serum, and the other half was probed with rabbit poly-
clonal antiserum against TDP-43. The resultant immunoreactive TDP-43 band
was then aligned with the gel-retarded DNA-protein complexes seen following
autoradiography.
Construction of TDP-43 carboxy-terminal truncation mutants. TDP-43 (ami-

no acids 7 to 414) was cloned downstream of glutathione S-transferase (GST)
(64) by a three-way ligation with a BstEII (end-filled)-BamHI-cut TDP-43 cDNA
fragment, a 967-bp BamHI-PstI-cut pGEX-2T fragment, and a 3,986-bp SmaI-
PstI-cut pGEX-2T fragment, so that the resultant vector had duplicated BamHI
and SmaI sites in front of the BamHI site in the polylinker of pGEX-2T.
Carboxy-terminal truncations of TDP-43 fused to GST were also constructed.
TDP-43 (amino acids 7 to 333) was generated in a three-way ligation with a
BamHI-NcoI fragment from the TDP-43 (amino acids 7 to 414) clone and an
NcoI-EcoRI fragment from TDP-43 cDNA cloned into a BamHI-EcoRI-cut
pGEX-2T vector. A GST–TDP-43 (amino acids 7 to 240) construct was gener-
ated by cloning a BamHI-FspI fragment from the TDP-43 (amino acids 7 to 414)
clone into a BamHI-SmaI-cut pGEX-2T vector. A GST–TDP-43 (amino acids 7
to 198) construct was generated in a three-way ligation with a BamHI-NdeI
fragment. The TDP-43 (amino acids 7 to 166) construct was generated by ligating
a BamHI-NdeI (end-filled) fragment from the TDP-43 (amino acids 7 to 414)
clone into a BamHI-SmaI-cut pGEX-2T vector. Finally, a GST–TDP-43 (amino
acids 7 to 125) construct was generated by cloning an NdeI-RsaI fragment from
this vector with a BamHI-RsaI fragment from TDP-43 (amino acids 7 to 414) into
a BamHI-SmaI-cut pGEX-2T vector. All the TDP-43 fusion proteins with GST
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were purified as described (64) by the manufacturer (Pharmacia) and visualized
by SDS-PAGE (10% polyacrylamide) with Coomassie blue staining.
Gel retardation analysis with wild-type and truncated TDP-43 proteins. The

wild-type and truncated TDP-43 cDNAs expressed as GST fusion proteins were
purified and used in gel retardation analysis with a 32P-end-labeled double-
stranded oligonucleotide corresponding to 218 to 128 in the HIV-1 LTR.
Either 1 mg of GST–TDP-43 or GST protein alone was incubated at room
temperature for 10 min in gel retardation buffer consisting of 50 mMKCl, 10 mM
Tris (pH 7.9), 5 mMMgCl2, 10% glycerol, 0.1 mM EDTA, 0.5 mM dithiothreitol,
and 1 mg of poly(dI-dC)-poly(dI-dC). For competition, 10, 20, or 50 ng of
unlabeled double-stranded oligonucleotides was added as either specific or non-
specific competitor followed by 100,000 cpm of labeled probe incubated at room
temperature for 20 min. The resultant protein-DNA complex was resolved by
electrophoresis at 120 V on a 6% native polyacrylamide gel containing 0.53 TBE
at 48C followed by autoradiography. For gel retardation analysis with wild-type
TDP-43, oligonucleotide competitors included those from the adenovirus major
late promoter and the HIV-1 LTR indicated by nucleotides are shown below:
adenovirus major late promoter TATA, 59-AAGGGGGGCTATAAAAGGGG
GTGGGGG-39; 245/11, 59-GCGTGCCTCAGATGCTGCATATAAGCAGC
AGCTGCTTTTTGCCTGTACT-39; 246/213, 59-GCGTGCCTCAGATGCTG
CATATAAGCAGCTGCTTT-39; and 110/150, 59-GGTTAGACCAGATCTG
AGCCTGGGAGCTCTCTGGCTAACTAG-39. In another set of experiments,
we used a region of the HIV-1 LTR extending from218 to128 which contained
either wild-type or mutated sequences in two pyrimidine-rich sequences (D1, D2,
D11D2), as shown: wild type, 59-CTGCTTTTTGCCTGTACTGGGTCTCTCT
GGTTAGACCAGATCT-39; D1, 59-CTGACGTACGTACGTACTGGGTCTC
TCTGGTTAGACCAGATCT-39; D2, 59-CTGCTTTTTGCCTGTACGTACAT
GCGTACGTTAGACCAGATCT-39; and D11D2, 59-CTGACGTACGTACG
TACGTACATGCGTACGTTACGGACCATCT-39.
Phenanthroline-copper footprinting. A 126-bp HIV-1 LTR fragment extend-

ing from 246 to 180 was cloned into pUC19 cut with SmaI-Hind3, and probes
were prepared by end labeling at either the HindIII or the EcoRI site. Gel
retardation was performed with 100,000 cpm of each of these probes and 2 mg of
thrombin-cleaved GST–TDP-43 protein. The wet retardation gel was exposed to
X-ray film for 30 min at room temperature and then subjected to autoradiogra-
phy for 30 min at room temperature until the retarded bands and free probes
were visible. The bands were excised with a razor and immersed in 100 ml of 50
mM Tris (pH 8.0); this was followed by the addition of phenanthroline-copper
for 10 min at room temperature (9, 41). The reaction was quenched, and the
eluted DNA was subject to precipitation before it was loaded on an 8% DNA
sequencing gel.
Cyclic amplification and selection of targets procedure. The target 78-mer

oligonucleotide for cyclic amplification and selection of targets contained specific
sites for PCR amplification in addition to restriction enzyme sites flanking a
central core of 35 degenerate nucleotides (7, 70). A 25-mg portion of the single-
stranded oligonucleotide was converted to double-stranded DNA by annealing a
twofold excess of the 39 primer and performing the primer extension reaction
with 25 U of Taq DNA polymerase, 0.2 mM deoxynucleoside triphosphates
(dNTPs), and 1.5 mMMgCl2 at 948C for 30 s, 558C for 1 min, and 728C for 20 min.
To coat the magnetic beads with TDP-43 antibody, 1 ml of TDP-43 polyclonal

rabbit serum was mixed with 200 ml of magnetic beads (Dynan) overnight at 48C.
The beads were collected by magnetic pull, washed with 500 ml of 13 PBS–0.1%
bovine serum albumin–0.1% Nonidet P-40, and then resuspended in 200 ml of
washing solution and kept at 48C. The binding reactions were done at room
temperature for 30 min in a total volume of 20 ml containing one-fifth of the
double-stranded oligonucleotides and 100 ng of GST–TDP-43 (amino acids 7 to
414) protein in the same buffer as used in the gel retardation analysis. Either
TDP-43-coated antibody beads (5 ml) or beads coated with preimmune serum
were added and mixed gently at 48C for 30 min; they were then collected by
magnetic pull, washed four times with buffer, and added to a PCR containing 500
pmol each of F (forward) and R (reverse) primers, 0.2 mM dNTPs, and 1.5 mM
MgCl2. After 10, 12, and 14 PCR cycles, 30 ml of the reaction mixture was
withdrawn and 10 ml was used to visualize the product on a 1.2% agarose gel
while another 10 ml that contained the earliest detectable DNA product was used
for the next round of binding and PCR selection. After five rounds, the DNA
product from the reaction mixture was cloned directly into a pCRII vector
(Invitrogen), the clones were subject to DNA sequence analysis, and the DNA
sequences from the clones were aligned and analyzed.
Generation of a full-length recombinant TDP-43. To generate a full-length

recombinant TDP-43, an NcoI site was engineered at the beginning of TDP-43
cDNA as the initiating methionine by PCR. The PCR product was then se-
quenced and cloned as a partial NcoI-XhoI fragment into pGEX-KG. Full-length
cleaved TDP-43 was then produced by thrombin cleavage as described previously
(71). This thrombin-cleaved, bacterially produced full-length TDP-43 was used in
UV cross-linking and in vitro transcription experiments.
UV cross-linking with cleaved, full-length recombinant TDP-43. The throm-

bin-cleaved recombinant TDP-43 was used in UV cross-linking experiments. The
experimental conditions were essentially the same as described for UV cross-
linking with HeLa nuclear extract, except that 1 mg of poly(dI-dC)-poly(dI-dC)
was used as nonspecific competitor. In the experiment with unlabeled oligonu-
cleotide as the competitor, 800 ng of TDP-43 was cross-linked to labeled HIV-1
LTR oligonucleotide from 218 to 128 in the presence of either 50 ng of

unlabeled 218 to 128 oligonucleotide or 218 to 128 scrambled oligonucleotide
(described above). In another set of experiments, both wild-type D1 and D2
oligonucleotides were annealed, labeled, and UV cross-linked to 160 and 800 ng
of TDP-43. The cross-linked products were resolved by SDS-PAGE (10% poly-
acrylamide) and visualized by autoradiography.
In vitro transcription assays with TDP-43. The HIV-1 template is a 59 proviral

construct cloned into pUC19 and was linearized at the SpeI restriction site in the
gag gene. The SpeI-linearized template gives a runoff transcript of about 1,100
bp. Transcription reactions were carried out at 308C for 1 h in 25 to 50 ml with
a final concentration of 10 mM HEPES (pH 7.9), 50 mM KCl, 0.25 mM dithio-
threitol, 3 mMMgCl2, 10% glycerol, 0.1 mM EDTA, 40 U of RNasin (Promega),
0.4 mM each ATP, CTP, and UTP, 16 mM GTP, 10 mCi of [a-32P]GTP (added
30 min into the reaction), and 200 ng of linearized template. HeLa nuclear
extract was purchased from Promega and used as specified by the manufacturer.
Tat protein used in the transcription reaction was cleaved and purified from
GST-Tat by a modified procedure as described previously (71) and shown to be
active in in vitro transcription with the HIV-1 LTR (54). After the completion of
reactions, the transcription was stopped by addition of 450 ml of stop solution
containing 7.0 M urea, 0.1 M Tris HCl (pH 7.4), 0.5 M NaCl, 0.5% SDS, and 10
mM EDTA. The transcription product was extracted with phenol-chloroform,
precipitated with 1 mg of oyster glycogen and ethanol, and resolved by electro-
phoresis at 60 W on a 5% denaturing polyacrylamide gel (7 M urea, 13 TBE).
In the first set of reactions, the linearized HIV template was incubated at room

temperature for 20 min in the presence or absence of 800 ng of purified TDP-43.
After the addition of HeLa nuclear extract and Tat, the reaction mixtures were
incubated at 308C for 30 min, [a-32P]GTP was added, and the reaction was
continued for another 30 min at 308C. In the second set of reactions, 800 ng of
TDP-43 was added either 20 min prior to the addition of HeLa nuclear extract
and Tat, simultaneously with nuclear extract and Tat, or 30 min after the addition
of HeLa nuclear extract and Tat. In all reactions, [a-32P]GTP was added 30 min
after addition of HeLa nuclear and Tat. In the third set of reactions, a linearized
adenovirus major late promoter template was used as an internal control. Either
0, 160, or 800 ng of TDP-43 was incubated with the HIV-1 and adenovirus major
late promoter templates at room temperature for 20 min prior to the addition of
HeLa nuclear extract. The reaction mixtures were then incubated at 308C for 30
min, [a-32P]GTP was added, and the reactions were continued at 308C for 30 min
and then terminated.
Analysis of TDP-43 effects on HIV-1 gene expression. HeLa cells were main-

tained in complete Iscove’s medium supplemented with 5% newborn calf serum,
2.5% fetal bovine serum, and 1% penicillin and streptomycin. One day before
transfection, 60-mm plates were seeded with 33 105 HeLa cells so that the plates
were 50 to 70% cofluent at the time of transfection. The lipofectamine transfec-
tion method (Bethesda Research Laboratories) was used to cotransfect 1 mg of
a wild-type HIV-1 proviral construct (26) with 1 mg of either a Rous sarcoma
virus (RSV) based eucaryotic vector expressing full-length TDP-43, a deletion
construct comprising amino acids 1 to 95 of TDP-43, exon 1 of the rabbit

FIG. 1. UV cross-linking of HeLa nuclear extract fractions eluted from a
phosphocellulose column. Oligonucleotides corresponding to a region of the
HIV-1 LTR extending from 218 to 128 were 32P end labeled and subjected to
UV cross-linking in the absence of extract (lane 0) or with 3 mg of HeLa nuclear
extract eluted from a phosphocellulose column with either 0.1 M (lane 1), 0.3 M
(lane 2), 0.5 M (lane 3), or 1.0 M (lane 4) KCl followed by PAGE and autora-
diography. MW, molecular weight (in thousands).
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b-globin gene, or the parental RSV vector. All transfection mixtures included 1
mg of an RSV–b-galactosidase expression vector to monitor transfection effi-
ciencies. All transfections were performed three times. On day 3 and 6, 0.5 ml of
culture supernatant was removed from each transfection and assayed for p24
antigen by the Abbott HIV AG enzyme-linked immunosorbent assay (ELISA)
system (26). The cells were fixed and stained for b-galactosidase activity, and the
total number of positive cells was determined for each transfection. The p24
antigen levels were normalized to reflect the transfection efficiency.
Nucleotide sequence accession number. The GenBank accession number of

the TDP-43 nucleotide sequence is U23731.

RESULTS

Multiple cellular factors bind to TAR DNA. To determine
the molecular weight of the different cellular proteins that can
potentially bind to TAR DNA, UV cross-linking was per-
formed with labeled oligonucleotides corresponding to a re-
gion of the HIV-1 LTR extending from 218 to 128. HeLa
nuclear extract was fractionated on a phosphocellulose column
and eluted with either 0.1, 0.3, 0.5, or 1.0 M KCl (48). Equal
amounts of protein from each of these phosphocellulose frac-
tions were then subjected to UV cross-linking, resolved by
SDS-PAGE, and analyzed by autoradiography (Fig. 1). Three
species with molecular masses of approximately 110, 65, and 43
kDa were found predominantly in the phosphocellulose A
fraction (Fig. 1, lane 1). No detectable UV-cross-linked species
were seen when probe alone was used (lane 0). Other UV-
cross-linked species were found in lesser quantities in the phos-
phocellulose B, C, and D fractions (lanes 2 to 4, respectively).
These results indicated that multiple cellular factors present in
HeLa nuclear extract are capable of binding to TAR DNA.

Cloning of the gene encoding TDP-43. Since several cellular
factors were demonstrated to be capable of binding to TAR
DNA by UV cross-linking, we wished to isolate cDNAs that
encoded one or more of these factors. We used expression
cloning with 32P-labeled oligonucleotides corresponding to a
portion of the HIV-1 LTR extending from 218 to 128 and
probed a lgt11 HeLa cDNA library (63). This technique has
been used successfully to identify a number of DNA-binding
proteins, including members of the activating transcription fac-
tor/cyclic AMP-responsive element-binding protein (ATF/
CREB) and the octamer transcription factors (65, 75). One
million plaques from this amplified lgt11 library were screened
with the labeled oligonucleotide probe and yielded six positive
plaques, which were confirmed by secondary and tertiary
screening. Use of both wild-type and unrelated oligonucleo-
tides corresponding to different regions in the HIV-1 LTR
demonstrated that these phages encoded fusion proteins which
bound specifically only to the region of the HIV-1 LTR ex-
tending from 218 to 128 (data not shown).
DNA sequence analysis of these six cDNAs indicated that

they contained identical sequences in the portion of the cDNA
between amino acids 115 and 250, although they contained
cDNA inserts of different sizes. The largest cDNA spans 2.8 kb
and contains five EcoRI fragments, each of which hybridized
the same size (2.8 kb) to poly(A)-selected HeLa mRNA in
Northern analysis. This result indicated that each of these
cDNA fragments was derived essentially from the same cDNA
(Fig. 2A). This cDNA contained in-frame stop codons in both
its amino and carboxy termini and encoded a protein of 414

FIG. 2. Structure of TDP-43 DNA. (A) Schematic of the 2.8-kb TDP-43 cDNA which was isolated from a HeLa lgt11 cDNA library. The coding sequence is
indicated by hatched lines The five EcoRI fragments within the 2.8-kb cDNA are indicated (RI), as are the results of Northern analysis with HeLa RNA with each of
these fragments as probes. (B) Amino acid sequence of the TDP-43 protein. The positions of the two RNP-1 motifs and the RNP-2 motif are indicated by boxes, and
the glycine-rich region is underlined. (C) Portion of the RNP-binding domain within the TDP-43 protein. Its homology with other proteins which have been
demonstrated to contain RNP-binding motifs, including hnRNP A1, small nuclear RNP U1A, and nucleolin, are shown.
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amino acids that was designated as TDP-43 (Fig. 2B). A search
of GenBank indicated that a region extending from amino
acids 270 to 384 in the TDP-43 cDNA had 96% nucleic acid
homology with a partial cDNA of unknown function isolated
from a random cDNA isolation procedure (2). Also, nucleic
acid homology of 100% was noted in a 100-bp region of
TDP-43 extending from amino acids 380 to 414 with a gene
translocation involved in acute myelogeous leukemia (52). The
significance of this latter homology is presently unknown.
A search of Swiss and PIR databases indicated that TDP-43

had 36% amino acid homology with a recently cloned human
heterogeneous nuclear ribonucleoprotein (hnRNP) C-like pro-
tein (66) and approximately 33% amino acid homology with
both a human type A/B hnRNP protein (37) and a murine
transcriptional repressor (32). In particular, the highest degree
of homology TDP-43 shared with these proteins (32, 37, 66)
was in a region of TDP-43 between amino acids 144 and 235
which was related to the previously described RNP-binding
domains (1, 3, 18, 36, 49). TDP-43 also shared a high degree of
homology in the RNP-binding domain region with similar re-
gions in the hnRNP core protein A1 and nucleolin (8, 10) (Fig.
2C). The RNP domain is found in a variety of RNA-binding
proteins and has been demonstrated to be responsible for the
RNA-binding properties of these proteins. The RNP motif in
these previously described proteins spans approximately 90
amino acids and contains consensus sequences designated
RNP-1 and RNP-2 located about 30 amino acids apart (3, 18).
The RNP-1 motif is an octapeptide, which is the most highly
conserved region within RNP-1 motif, while the RNP-2 motif
is a less well conserved hexapeptide sequence. Several other
amino acids in the RNP motif are also highly conserved (Fig.
2C).
Within the RNP homology region of TDP-43, there is an

unusual arrangement of the RNP-1 and RNP-2 motifs, with
two RNP-1 motifs flanking a single RNP-2 motif. Another
region of TDP-43, located between amino acids 274 and 314, is
composed of a cluster of amino acids of which approximately
40% are glycine residues (Fig. 2B). This glycine-rich domain is
similar to other glycine-rich domains which are found in a
variety of RNA-binding proteins and may function in nucleic
acid strand separation (25) or in mediating protein-protein
interactions (13). An amino acid sequence, Arg-Gly-Gly
(RGG), which has been implicated in the RNA-binding prop-
erties of other proteins is present once within the glycine-rich
domain of TDP-43 (38).
Northern analysis was performed with a probe consisting of

portion of the TDP-43 cDNA on HeLa and Jurkat poly(A)-
selected mRNA as well as mRNA extracted from a variety of
human tissues (Fig. 3). TDP-43 hybridized to one major
mRNA species of approximately 2.8 kb in both HeLa and
Jurkat mRNA (Fig. 3A, lanes 1 and 2) and also hybridized to
the same-sized mRNA species prepared from a variety of hu-
man tissues (Fig. 3B). The increased amounts of TDP-43 RNA
seen in muscle and kidney were due to increased amounts of
RNA loaded in these lanes (data not shown). We have also
transcribed and translated TDP-43 RNA in vitro in rabbit
reticulocyte lysate in the presence of [35S]methionine. Autora-
diography revealed that TDP-43 migrated as a 43-kDa protein
on SDS-PAGE, consistent with its predicted molecular mass
(data not shown). Thus, TDP-43 is a ubiquitously expressed
43-kDa protein whose amino acid structure is similar to that
found in a variety of RNA-binding proteins.
Endogenous TDP-43 binds to TAR DNA in HeLa nuclear

extract. UV cross-linking indicated that a protein of approxi-
mately 43 kDa, present in the 0.1 M KCl fraction of HeLa
nuclear extract eluted from a phosphocellulose column, bound

specifically to TAR DNA. To determine if TDP-43 was present
in this phosphocellulose column fraction, Western blot analysis
was performed with rabbit polyclonal antiserum which was
raised against recombinant bacterium-produced TDP-43. The
TDP-43 antiserum detected a 43-kDa species present predom-
inantly in the 0.1 M KCl fraction (Fig. 4A, lane 1), with lesser
amounts detected in the 0.3 M KCl fraction eluted from the
phosphocellulose column (lane 2). The TDP-43 antibody did
not detect HeLa nuclear proteins present in the 0.5 and 1.0 M
KCl fractions eluted from the phosphocellulose column (lanes
3 and 4). Preimmune rabbit serum did not react with proteins
present in any of the phosphocellulose column fractions (Fig-
ure 4B).
Next, we wished to determine whether the endogenous

TDP-43 protein present in HeLa nuclear extract bound to
TAR DNA. The TDP-43 antibody did not result in a supershift
of recombinant TDP-43 in gel retardation assays (data not
shown), so we used the TDP-43 antibody in a Shift-Western
assay to determine whether TDP-43 present in HeLa nuclear
extract bound to TAR DNA. This procedure involves gel re-
tardation followed by Western blot analysis to determine the
immunologic characteristics of different gel-retarded species
(15). Gel retardation analysis was performed with an oligonu-
cleotide probe extending from 218 to 128 in the HIV-1 LTR
and HeLa nuclear extract eluted from a phosphocellulose col-
umn with 0.1 M KCl, since endogenous TDP-43 was present
predominantly in this fraction as determined by Western blot
analysis. Three sets of identical gel retardation reactions were
carried out. Following electrophoresis, a portion of the poly-
acrylamide gel containing one of the gel retardation assay
mixtures was subjected to autoradiography while the other gel
portions containing the remaining two reactions were trans-
ferred to nitrocellulose paper. Western blot analysis was per-
formed with rabbit polyclonal antibody directed against
TDP-43 on one reaction and preimmune serum on the remain-
ing reaction. The autoradiogram and Western blots were then
carefully aligned, as shown in Fig. 4C. Two major gel-retarded
species were seen in the autoradiogram of the gel retardation
assay (Fig. 4C, lane 1). One of the gel-retarded species comi-
grated exactly and can in fact be superimposed on the position
of a species which was identified by Western blot analysis with
TDP-43 antibody after gel retardation (lane 2). This gel-re-
tarded species was not detected when preimmune serum was

FIG. 3. Expression of TDP-43 mRNA. (A) Northern analysis of TDP-43 was
performed with 5 mg of poly(A)-selected Jurkat mRNA (lane 1) or 10 mg of
poly(A)-selected HeLa mRNA (lane 2). (B) Northern analysis of TDP-43 was
performed with 2 mg of poly(A)-selected RNA isolated from human tissue
including heart, brain, placenta, lung, liver, muscle, kidney, and pancreas.

3588 OU ET AL. J. VIROL.



used in the Western blot analysis (lane 3). These results indi-
cate that endogenous TDP-43 present in HeLa nuclear extract
was capable of binding to TAR DNA and that TDP-43 was a
likely candidate for the 43-kDa species detected in UV cross-
linking analysis with a portion of TAR DNA.
Bacterially produced TDP-43 binds to TAR DNA. A portion

of the TDP-43 cDNA encoding amino acids 7 to 414 was
cloned downstream of a portion of the GST protein, and the
fusion protein was expressed in bacteria and purified by glu-
tathione-agarose affinity chromatography (64). This fusion
protein was then used in gel retardation analysis with oligonu-
cleotides corresponding to a region of the HIV-1 LTR extend-
ing from 218 to 128 in an attempt to determine the sequence
motifs in TAR DNA which bound TDP-43. As shown in Fig.
5A, TDP-43 bound specifically to TAR DNA sequences (Fig.
5A, lane 2). This binding was inhibited by the addition of
increasing amounts of unlabeled wild-type oligonucleotides
(lanes 3 to 5) but not by a similar excess of unlabeled oligo-
nucleotides corresponding to the adenovirus major late pro-
moter TATA element (lanes 6 to 8). Since a variety of proteins
with RNP-binding domains can bind nonspecifically to single-
stranded DNA (13, 14, 29, 40, 56), we also tested whether
TDP-43 was capable of binding to single-stranded oligonucle-
otides extending from 218 to 128. TDP-43 was shown to
exhibit reduced binding affinity and specificity to these single-
stranded oligonucleotides compared with double stranded oli-
gonucleotides (data not shown). Since the structure of TDP-43
was similar to that of other RNA-binding proteins, we also
tested whether it could bind specifically to wild-type TAR
RNA. No binding to TAR RNA from 11 to 180 was detected
by RNA gel retardation analysis under conditions conducive
for Tat and TRP-185 binding to TAR RNA, even after pro-
longed exposure of the gel to film (data not shown). These
results were consistent with the fact that the binding of TDP-43
was specific for double-stranded TAR DNA.
Finally, we used recombinant TDP-43 that was cleaved from

GST–TDP-43 with thrombin to perform phenanthroline-cop-
per footprinting (Fig. 5B and C) (9, 41). This procedure allows
one to directly cleave the gel-retarded complex in the gel and
then determine the region of the DNA bound by the protein of

interest. A 59-end-labeled HIV-1 LTR fragment extending
from 246 to 180 was labeled on either the coding (Fig. 5B) or
the noncoding (Fig. 5C) strand and used in gel retardation with
TDP-43. Following the gel retardation, autoradiography was
performed on the wet gel and both the free probe and gel-
retarded species were excised and treated with phenanthro-
line-copper. The DNA was then extracted and subjected to
electrophoresis on a DNA sequencing gel. TDP-43 bound to
both the coding and noncoding strands of the HIV-1 LTR
extending over regions from 11 to 136 and 26 and 136,
respectively (Fig. 5B and C). These results agree with results of
gel retardation and competition analysis, which indicate spe-
cific binding of TDP-43 to a region of the HIV-1 LTR extend-
ing from 218 to 128.
Determination of the sequences required for TDP-43 bind-

ing to TAR DNA.Given the extensive region of TARDNA that
was bound by TDP-43, the nucleotide sequences bound by
TDP-43 were determined by the previously described site se-
lection procedure. This technique has been used successfully to
determine the binding sites for a variety of proteins including
MyoD and myogenin (7, 70). Oligonucleotides containing de-
fined sequences on both their 59 and 39 ends and random
35-mer internal sequences were incubated with recombinant
TDP-43 under gel retardation conditions. This was followed by
five cycles of repeated binding, immunoprecipitation with spe-
cific TDP-43 antibody, and PCR amplification of the DNA
coimmunoprecipitated with TDP-43 antibody. Twenty-one of
these enriched PCR products were subjected to DNA sequenc-
ing to help determine optimal consensus binding sites for
TDP-43 (Fig. 6). As shown in Fig. 6, the common feature of
these PCR products was the presence of at least eight contig-
uous pyrimidine residues containing alternating groups of cy-
tidine and thymidine. A comparison of these sequences with
that of TAR DNA revealed homology with two sets of pyrim-
idine-rich sequences in the HIV-1 LTR between 215 and 25
and between 14 and 111 (Fig. 7).
Next we determined whether mutations of either or both of

these two groups of pyrimidine residues in the HIV-1 LTR
designated D1 and D2 which extend between 215 and 25 and
14 and between111, respectively, could eliminate the binding
of TDP-43 to TAR DNA (Fig. 7). Gel retardation analysis
indicated that TDP-43 was inhibited by unlabeled oligonucle-
otides extending from218 to128 in the HIV-1 LTR (Fig. 8A,

FIG. 4. Western blot and Shift-Western analysis of TDP-43. (A and B) Ei-
ther rabbit polyclonal antibody raised against recombinant TDP-43 (A) or pre-
immune serum (B) was used in Western blot analysis with fractions of HeLa
nuclear extract eluted from a phosphocellulose column with either 0.1 M (lane
1), 0.3 M (lane 2), 0.5 M (lane 3), or 1.0 M (lane 4) KCl. Molecular weight
markers (in thousands) are also indicated. (C) The 0.1 M KCl fraction from the
phosphocellulose column was used in three gel retardation assays with oligonu-
cleotides extending from 218 to 128 in the HIV-1 LTR. An autoradiogram of
the gel retardation is shown in lane 1. Following gel electrophoresis, the gel was
transferred to nitrocellulose paper and subjected to Western analysis with either
rabbit polyclonal antiserum directed against TDP-43 (lane 2) or preimmune
serum (lane 3). The autoradiogram of the gel retardation assay (lane 1) and the
Western blots (lanes 2 and 3) were then carefully aligned.
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lanes 3 to 5) but not by the same oligonucleotides which con-
tain mutations between 215 and 25 (D1) (lanes 6 to 8), 14
and 111 (D2) (lanes 9 to 11), or both of these elements (D1 1
D2) (lanes 12 to 14). This indicated that mutation of either of
the two pyrimidine-rich sequence motifs between 218 and
128 in the HIV-1 LTR disrupted the binding of TDP-43.
To confirm these findings, oligonucleotides extending from

218 to 128 in the HIV-1 LTR or the same oligonucleotides
which contain mutations in either of the two pyrimidine-rich
nucleotide sequences were analyzed by UV cross-linking.
Wild-type and mutant oligonucleotides were 32P end labeled
and incubated with increasing amounts of recombinant full-
length TDP-43 which was generated by thrombin cleavage of
the GST moiety from the GST–TDP-43 fusion protein (Fig.
8B). The cleaved TDP-43 was approximately 95% pure, and no
appreciable degradation products were detected (Fig. 8B, lane
2). As shown in Fig. 8C, wild-type oligonucleotides generated
both 43- and 86-kDa UV-cross-linked species whereas oligo-
nucleotides containing mutations in either of two pyrimidine-
rich sequences in TAR DNA, D1 or D2, were unable to gen-
erate either the 43- or 86-kDa species (Fig. 8C, lanes 4 to 9).
The presence of both these UV-cross-linked species suggested
that TDP-43 may dimerize or that two molecules of TDP-43
may simultaneously bind to the pyrimidine-rich sequences be-
tween 218 and 128 in the HIV-1 LTR.
UV cross-linking of TDP-43 to TAR DNA. It was important

to compare the binding specificity of recombinant TDP-43 and
the endogenous approximately 43-kDa protein present in the
phosphocellulose A fraction of HeLa nuclear extract detected
by UV cross-linking. UV cross-linking with a 32P-end-labeled
TAR DNA probe extending from 218 to 128 to recombinant
full-length TDP-43 again indicated the binding of two species
of approximately 43 and 86 kDa (Fig. 9A, lane 2). Competition
with a 50-fold molar excess of unlabeled wild-type competitor

FIG. 5. Gel retardation analysis with recombinant TDP-43. (A) Gel retardation analysis was performed with labeled oligonucleotides corresponding to a region of
the HIV-1 LTR extending from 218 to 128 in the presence of no added protein (lane 1) or 1 mg of GST–TDP-43 (lane 2). Competition experiments with either a
5-, 20-, or 50-fold molar excess of wild-type oligonucleotides (lanes 3 to 5) or unrelated oligonucleotides corresponding to the adenovirus major late promoter TATA
element (lanes 6 to 8) were performed. sp comp, specific competitor; nsp comp, nonspecific competitor. (B and C) Gel retardation analysis was performed on a region
of the HIV-1 LTR extending from 246 (EcoRI) to 180 (HindIII). Either the coding strand (B) or the noncoding strand (C) of the HIV-1 LTR was end labeled, and
gel retardation was performed with 2 mg of recombinant TDP-43. Both free and bound probes were subject to cleavage with phenanthroline-copper, and the DNA was
subjected to electrophoresis on an 8% sequencing gel next to a G1A sequencing lane of the HIV-1 LTR.

FIG. 6. Site selection of oligonucleotides with recombinant TDP-43. Ran-
dom oligonucleotides with unique 59 and 39 termini and 35 random internal
nucleotides were incubated with recombinant TDP-43 and immunoprecipitated
with rabbit polyclonal antibody directed against TDP-43. PCR analysis was
performed with oligonucleotides complementary to the 59 and 39 termini fol-
lowed by five additional cycles of binding, immunoprecipitation, and PCR am-
plification. The amplified oligonucleotides were cloned into an AT cloning vector
(Invitrogen), 21 unique clones were analyzed by DNA sequence analysis, and
similar sequences were aligned.
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oligonucleotides eliminated both the 43- and 86-kDa UV-cross-
linked species (lane 3), while oligonucleotides mutated in the
two pyrimidine sequences (D11D2) between 218 and 128 did
not compete for the binding of either of these species (lane 4).
We also determined whether the binding specificity of the

43-kDa species detected in HeLa nuclear extract by UV cross-
linking was similar to that of recombinant TDP-43. UV cross-
linking was again performed with the phosphocellulose A frac-
tion of HeLa nuclear extract and a labeled oligonucleotide
probe extending from218 to 128 in the HIV-1 LTR. Wild-type
oligonucleotides competed for each of the three UV-cross-linked
species in the HIV-1 LTR phosphocellulose A fraction (Fig. 9B,
lane 2) while the same oligonucleotides containing mutations of
both the pyrimidine-rich sequences (lane 3) or unrelated oligo-
nucleotides corresponding to either the adenovirus major late
promoter TATA element (lane 4) or interleukin-2 promoter
sequences (lane 5) did not compete for the binding of the
43-kDa UV-cross-linked species. These results indicated that a
protein species of approximately 43 kDa present in the phos-
phocellulose column A function of HeLa nuclear extract pos-
sesses similar DNA-binding activity in UV cross-linking assays
as the recombinant full-length TDP-43 protein does.
RNP motifs are important for TDP-43 binding. Next, we

wished to determine which domains in the TDP-43 protein

were responsible for its binding to the HIV-1 LTR. In partic-
ular, we investigated whether either the glycine-rich domain
which contains an RGG motif or the RNP domains were crit-
ical for TDP-43 binding to DNA. A series of carboxy-terminal
truncations of the TDP-43 protein fused to GST were pro-
duced in bacteria and purified with glutathione-agarose affinity
beads (Fig. 10). A Coomassie blue-stained polyacrylamide gel
of these purified fusion proteins is shown along with a sche-
matic of their structure (Fig. 10A and B). These fusion proteins
which progressively deleted portions of TDP-43, including the
glycine-rich domain, RNP-1 [2], RNP-2, and RNP-1 [1], were
used in gel retardation analysis with a labeled oligonucleotide
probe extending from 218 to 128 in the HIV-1 LTR. Trun-
cated proteins with truncations which deleted the glycine-rich
domain bound like wild-type TDP-43 (Fig. 10C, lanes 1 to 3).
Truncated proteins in which most of the RNP-binding domain
including RNP-1 [2] and RNP-2 was deleted also bound to the
oligonucleotide probe (lanes 4 and 5). It is important to note
that deletion of the last two RNP motifs decreased the affinity
of TDP-43 binding to TAR DNA (data not shown). Deletions
which removed RNP-1 [1] in addition to other amino-terminal
residues eliminated the ability of TDP-43 to bind to TAR
DNA (lane 6). Furthermore, during our initial lgt11 screening,
we isolated a phage which encoded amino acids 110 to 255 of

FIG. 7. TAR DNA elements involved in the binding of TDP-43. Oligonucleotides extending from 218 to 128 in the HIV-1 LTR corresponding to either the wild
type or mutations of pyrimidine-rich motifs between 215 and 25 (D1), between 14 and 111 (D2), or in both regions (D1 1 D2) were used in gel retardation analysis
with TDP-43.

FIG. 8. Gel retardation and competition analysis defines TDP-43-binding sequences. Gel retardation analysis was performed with oligonucleotides corresponding
to HIV-1 LTR sequences extending from 218 to 128 in the absence of extract (lane 1), in the presence of GST–TDP-43 alone (lane 2), in the presence of this protein
with either a 5-, 20-, or 50-fold molar excess of unlabeled wild-type oligonucleotides (lanes 3 to 5), or in the presence of the same oligonucleotides containing mutations
in either pyrimidine-rich sequences D1 (lanes 6 to 8), D2 (lanes 9 to 11), or both D1 and D2 (lanes 12 to 14). (B) A GST–TDP-43 fusion protein (lane 1) was produced
in bacteria and bound to glutathione-agarose beads, and the native, full-length TDP-43 protein was generated by cleavage of GST–TDP-43 with thrombin (lane 2).
Molecular weight markers (lane M) are also indicated (in thousands). (C) UV cross-linking was performed with no added protein (lanes 1, 4, and 7) or either 160 ng
(lanes 2, 5, and 8) or 800 ng (lanes 3, 6, and 9) of TDP-43. A 32P-labeled wild-type oligonucleotide probe extending from 218 to 128 in the HIV-1 LTR (lanes 1 to
3) or the same region containing mutations in either pyrimidine stretch D1 (lanes 4 to 7) or D2 (lanes 7 to 9) was used as the probe in the UV cross-linking. MW,
molecular weight (in thousands).
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TDP-43 that bound specifically to TAR DNA (data not shown).
These results suggest that a region encompassing the RNP do-
mains is important for TDP-43 binding to TAR DNA, although
other amino acid residues may also play a role in its binding.

TDP-43 represses basal and Tat-induced gene expression.
Next we determined the role of TDP-43 on HIV-1 gene ex-
pression in both the presence and absence of the transactivator
protein, Tat. To directly assay the effect of the recombinant
TDP-43 protein, in vitro transcription assays were performed.
A thrombin-cleaved, full-length TDP-43 protein generated
from GST–TDP-43 (Fig. 8B) was added to in vitro transcrip-
tion assays with a linearized HIV-1 LTR template and HeLa
nuclear extract in both the absence and presence of bacterial
produced Tat (35, 46). The amount of TDP-43 protein added
to the in vitro transcription assays was that used in UV cross-
linking of TDP-43 to the HIV-1 LTR (Fig. 8 and 9). The HIV-1
LTR, when linearized with SpeI, generated an 1,100-bp runoff
product which was inhibited by a-amanitin (data not shown).
Tat strongly activated gene expression from the HIV-1 LTR
under previously described assay conditions (46) (Fig. 11A,
lanes 1 and 2). However, when TDP-43 was preincubated with
the HIV-1 LTR template 20 min prior to the addition of Tat
and nuclear extract, a marked inhibition of both basal and
Tat-induced gene expression was noted (lanes 3 and 4).
Experiments were then performed to determine the mech-

anism by which TDP-43 repressed in vitro transcription from
the HIV-1 LTR. In these experiments, the 32P-labeled ribonu-
cleotide [a-32P]GTP was always added 30 min after the addi-
tion of Tat and HeLa nuclear extract and the reaction was
stopped 30 min later so that each reaction mixture contained
the labeled ribonucleotide for the same time. Similar to the
results in Fig. 11A, TDP-43 added 20 min prior to the addition
of Tat resulted in little activation by Tat (Fig. 11B, lanes 1 and
2). When TDP-43 was added simultaneously with Tat and
nuclear extract, there was a moderate increase in Tat transac-
tivation (lanes 3 and 4). Finally, when TDP-43 was added 30
min after the addition of Tat and nuclear extract, there was a
much larger increase in Tat activation (lanes 5 and 6). To
demonstrate that the effects of TDP-43 were specific for the
HIV-1 promoter, increasing amounts of TDP-43 were incu-
bated in in vitro transcription assays with both HIV-1 and
adenovirus major late template (Fig. 11C, lanes 1 to 3). In-

FIG. 9. UV cross-linking of recombinant and endogenous TDP-43. (A) UV
cross-linking was performed with a 32P-labeled oligonucleotide extending from
218 to128 in the HIV-1 LTR in the absence of protein (lane 1), in the presence
of 800 ng of TDP-43 alone (lane 2), in the presence of the same protein with a
50-fold molecular excess of unlabeled wild-type oligonucleotide competitor
(comp.) (lane 3), or in the presence of the same oligonucleotides but containing
mutations in both pyrimidine-rich sequences (lane 4). (B) The 0.1 M KCl phos-
phocellulose fraction of HeLa nuclear extract was incubated with the oligonu-
cleotide probe used in panel A (lane 1), and competition was performed with 10
ng of either unlabeled wild-type TAR oligonucleotides (lane 2), the same oligo-
nucleotides containing mutations of both pyrimidine-rich sequences (lane 3),
major late promoter TATA element oligonucleotides (lane 4), or oligonucleo-
tides corresponding to a region of the interleukin-2 promoter extending from
2295 to 2275 (lane 5). MW, molecular weight (in thousands).

FIG. 10. Analysis of domains in TDP-43 required for its DNA-binding properties. (A) A variety of carboxy-terminal truncations of TDP-43 fused to the GST protein
were subjected to PAGE and Coomassie staining (lanes 1 to 6). Lane MW, molecular weight markers (in thousands). (B) Schematic of the carboxy-terminal truncations
of TDP-43 shown in panel A. (C) Gel retardation analysis was performed with oligonucleotides corresponding to a portion of the HIV-1 LTR extending from 218 to
128 in the absence of protein (lane Probe), with GST protein (lane GST), or with the GST/TDP-43 fusion proteins used in panels A and B (lanes 1 to 6).
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creasing the amount of TDP-43 progressively decreased the
basal level of transcription from the HIV-1 LTR but not from
the adenovirus major late promoter, indicating the specificity
of this effect.
TDP-43 represses HIV-1 gene expression in vivo. To deter-

mine if TDP-43 could repress HIV-1 gene expression in vivo,
TDP-43 was inserted downstream of the RSV promoter in a
eucaryotic expression vector. As controls, either a construct
that deleted the RNP-binding motifs in TDP-43 (RSV–DTDP-
43) or sequences encoding exon 1 of the rabbit b-globin gene
were cloned into the same vector. HeLa cells were transfected
with 1 mg of RSV–TDP-43, RSV–DTDP-43, RSV–b-globin, or
the parental RSV vector, along with 1 mg of an HIV-1 proviral
molecular isolate which has been demonstrated to cause high-
level HIV-1 gene expression following transfection (26, 27).
Each transfection included RSV–b-galactosidase to control for
variations in transfection efficiencies. At 3 and 6 days post-
transfection, culture supernatant was removed from each
transfection and assayed by ELISA for soluble HIV-1 p24
antigen. After 3 days, RSV–TDP-43 repressed HIV-1 gene
expression 16- to 20-fold compared with transfections with
RSV–DTDP-43, RSV–b-globin, or the RSV vector (Fig. 12).
By day 6, RSV–TDP-43 inhibited HIV-1 gene expression ap-
proximately fourfold compared with RSV–DTDP-43, RSV–b-
globin, or the RSV vector (Fig. 11). The b-galactosidase activ-
ity indicated that the efficiencies of all transfections were
nearly identical. Furthermore, we noted that the transfection
of RSV expression vectors encoding a variety of other tran-
scription factors which do not bind to the HIV-1 LTR had no
effects on gene expression from the HIV-1 provirus (data not
shown). These results indicate that TDP-43 is a potent inhib-
itor of HIV-1 gene expression.

DISCUSSION

A number of elements in the HIV-1 LTR, including the
NF-kB, Sp1, TATA, and TAR elements, are critical for both

basal and Tat-induced transcriptional regulation (reviewed in
reference 16). Mutagenesis studies have demonstrated the im-
portance of TAR RNA, including the preservation of the stem
structure, the loop sequences, and the bulge element on acti-
vation by Tat (6, 21, 22, 26, 59). TAR RNA is the binding site
for both the Tat protein (11, 17, 68) and a cellular loop-binding
protein, TRP-185 (62, 71). Although TAR RNA is critical for
modulating Tat activation, the role of TARDNA on regulating
basal and Tat activation remains less clear.
TAR DNA has been demonstrated to bind a number of

cellular factors whose function remains to be determined (31,
34, 72, 74). One factor known as UBP-1 or LBP-1 has been
purified (34, 72), and cDNAs encoding this family of proteins
(LBP-1 a to d) have been cloned (74). UBP-1/LBP-1 is a
64/62-kDa protein which has homology to a group of Drosoph-
ila transcription factors known as NTF1 (74). In addition to
binding to TAR DNA between nucleotides 12 and 16, UBP-
1/LBP-1 binds to a lower-affinity site adjacent to the HIV-1
TATA element and prevents the binding of the TFIID com-
plex to the TATA box (34). Both purified and recombinant
UBP-1/LBP-1 proteins have been shown to repress basal
HIV-1 gene expression in in vitro transcription assays by pre-
venting the binding of TFIID (34). However, the role of these
proteins in modulating the level of Tat activation has not been
elucidated. Nonetheless, UBP-1/LBP-1 is likely to be involved
in negative regulation of HIV-1 gene expression. It should be
noted, however, that the UBP-1/LBP-1 family of proteins also
contain transcriptional activation domains which are capable
of activating gene expression when these proteins are bound to
sites located upstream of the TATA box, suggesting that under
certain circumstances they are capable of increasing HIV-1
gene expression (74). Whether UBP-1/LBP-1 is capable of
activating HIV-1 gene expression when bound exclusively to
TAR DNA remains to be determined.
TAR DNA rather than TAR RNA has also been implicated

in the generation of short, nonprocessive HIV-1 transcripts

FIG. 11. TDP-43 represses in vitro transcription from the HIV-1 LTR. (A) In vitro transcription of the HIV-1 LTR was performed with a proviral construct
linearized with SpeI to generate a 1,100-bp runoff product. Transcription from the HIV-1 LTR template in the presence of nuclear extract (NE) alone (lanes 1 and
3) or in the presence of both HeLa nuclear extract and Tat (lanes 2 and 4) is shown. Recombinant TDP-43 protein (800 ng) was added to the HIV-1 template 20 min
prior to the addition of either nuclear extract (lane 3) or nuclear extract and Tat (lane 4). [a-32P]GTP was added after 30 min, and the reaction was continued for an
additional 30 min. (B) A similar experiment to that in panel A was performed, except that TDP-43 was added to the template at 20 min before the addition of HeLa
nuclear extract alone (lane 1) or both HeLa nuclear extract and Tat (lane 2), at the same time as HeLa nuclear extract alone (lane 3) or both HeLa nuclear extract
and Tat (lane 4), or 30 min after the addition of nuclear extract alone (lane 5) or both nuclear extract and Tat (lanes 6), [a-32P]GTP was added after 30 min of reaction,
and the reaction was continued for an additional 30 min. (C) The HIV-1 template (lane 1) and an adenovirus major late promoter (ALMP) template were used in in
vitro transcription analysis either alone (lane 1) or in the presence of increasing amounts of TDP-43 (160 and 800 ng) (lanes 2 and 3), which were added 20 min before
the addition of HeLa nuclear extract in the absence of Tat. M indicates the position of the DNA molecular weight markers (in thousands).
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(55, 61). This element, known as the inducer of short tran-
scripts, can act as a transcriptional enhancer when it is placed
downstream of a variety of heterologous promoter elements
and increases the number of short transcripts generated from
the promoter (55). Mutagenesis of TAR demonstrated that the
region responsible for generation of the short transcripts was
not required for Tat activation of HIV-1 gene expression (61).
The region in TAR that was responsible for the generation of
short transcripts has been localized to a DNA element extend-
ing between 24 and 125. The cellular factors that are respon-
sible for this enhancer activity have not yet been determined,
although we have demonstrated that TAR DNA mutants that
prevent the functioning of the inducer of short transcripts also
do not bind TDP-43.
Given the importance of TAR in the regulation of HIV-1

gene expression, it was important to identify additional cellular
factors that may modulate its function. UV cross-linking and
gel retardation analyses indicated that multiple protein species
were capable of binding to TAR DNA. In an attempt to iden-
tify these factors, we used a lgt11 expression cloning strategy
(63) and identified a cellular factor, TDP-43, that bound spe-
cifically to TAR DNA via its RNP-binding motifs and re-
pressed both basal and Tat-induced gene expression. The bind-
ing of TDP-43 to TAR DNA was demonstrated by using both
recombinant and endogenous proteins present in HeLa nu-
clear extract. Thus, as with the previously described UBP-1/
LBP-1 proteins, we have identified a second cellular factor that
binds to TAR DNA and represses HIV-1 gene expression (34,
74). Our analysis indicates that the binding of these proteins to
TAR DNA is mutually exclusive. TAR DNA is also one of the
sites of nucleosome binding in the HIV-1 LTR (67). Upon
phorbol ester activation of latently infected ACH2 cells, HIV-1
gene expression is markedly increased, with concurrent dis-
placement of the nucleosome. Thus, it is likely that either
cellular DNA-binding proteins or nucleosomes which bind to
TAR DNA can prevent the assembly or elongation of tran-

scription complexes which are the target for activation by the
transactivator protein, Tat.
TDP-43 is related to a group of cellular proteins which bind

to a variety of different RNA molecules (3, 18, 36, 49). Despite
the presence of RNP motifs and an RGG sequence motif in
TDP-43, both of which have been shown to confer RNA-
binding capability, we were unable to demonstrate the binding
of TDP-43 to TAR RNA. However, TDP-43 bound weakly and
without specificity to several unrelated single-stranded RNAs.
Deletion mutagenesis demonstrated that the RNP motif of
TDP-43 was critical for its ability to bind to TAR DNA. Sev-
eral recent studies have confirmed that proteins containing
RNP motifs can bind to double-stranded DNA (40, 66, 73). In
fact, it has recently been demonstrated that nucleolin, which
contains an RNP-binding domain, can repress the expression
of a specific acute-phase response gene by interactions with
specific upstream binding sites (73). Interestingly, the DNA-
binding motif to which nucleolin binds is composed of alter-
nating pyrimidine residues, although it is not clear whether its
RNP motif mediates this binding. Finally, another cellular fac-
tor, NSEP-1, which also contains an RNP motif, was also found
to bind to polypyrimidine-rich single- and double-stranded
DNA sequences in the c-myc promoter (39, 40). Thus, a num-
ber of proteins containing RNP motifs have been demon-
strated to bind to polypyrimidine/polypurine-rich double-
stranded DNA sequences. It is possible that the duplicated
RNP-1 motifs in TDP-43 each bind to one of the two pyrimi-
dine-rich sequences in HIV-1 DNA, thus helping to explain the
requirement for two sets of pyrimidine-rich nucleotides for
optimal binding. However, we cannot rule out that two mole-
cules of TDP-43 may simultaneously bind to each of the pyrim-
idine-rich sequences in TAR DNA.
The in vitro transcription results with TDP-43 indicated that

preincubation of TDP-43 with the HIV-1 template is necessary
for maximal repression of both basal and Tat-induced gene
expression. Simultaneous addition of nuclear extract and
TDP-43 resulted in less repression of basal and Tat-induced
transcription. Addition of TDP-43 after the addition of HeLa
nuclear extract resulted in very minimal amounts of repression
of basal and Tat-induced gene expression. In cotransfection
experiments with TDP-43 and an HIV-1 proviral clone,
TDP-43 repressed HIV-1 gene expression. In this system, there
is little or no Tat produced at early times posttransfection, with
resulting low levels of basal HIV-1 gene expression. During
this early phase, TDP-43 is a potent inhibitor of HIV-1 gene
expression, probably by preventing the assembly of transcrip-
tion complexes that are responsive to Tat. However, at later
times following transfection, TDP-43 is a less effective inhibitor
of HIV-1 gene expression, suggesting that transcription com-
plexes which displace or compete with TDP-43 binding to the
HIV-1 LTR are assembled. These experimental observations
suggest that the mechanism of transcriptional repression of
HIV-1 gene expression by TDP-43 may be explained by its
ability to block the assembly of a transcriptional initiation
complex which is competent to respond to Tat. A potential
model for the effect of TDP-43 on HIV-1 gene expression is
illustrated in Fig. 13.
It is likely that a variety of different cellular factors regulate

the assembly of active transcription complexes. The TATA-
binding protein and at least eight associated proteins desig-
nated TATA-associated factors are capable of binding to the
TATA element (50). Recently, it has been shown that a 150-
kDa Drosophila TATA-associated factor (68) can bind to se-
quences which are located downstream of the TATA box and
potentially function in activating transcription. In addition,
another transcription factor, YY1, has recently been shown to

FIG. 12. TDP-43 represses HIV-1 proviral gene expression in vivo. One day
prior to transfection, 3 3 105 HeLa cells were seeded onto 60-mm plates. When
the plates were 50 to 70% confluent, they were cotransfected with a wild-type
HIV-1 proviral molecular clone and an RSV-based eucaryotic vector expressing
either TDP-43, DTDP-43 that expresses only the first 95 amino acids of TDP-43,
intron 1 of rabbit b-globin gene, or the parental expression vector. Each trans-
fection included an RSV–b-galactosidase vector to control for transfection effi-
ciency. On days 3 and 6, 0.5 ml of culture supernatant was assayed for p24
antigen by ELISA, and the results were normalized to reflect the actual trans-
fection efficiency as determined by cell staining for b-galactosidase on day 6.
Each transfection was performed three times, and the results include the stan-
dard deviation for the three experiments. Symbols: u, day 3; 1, day 6.
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bind to the initiator sequence in HIV-1 LTR (76) and both
repress HIV-1 gene expression and delay its growth kinetics
(47). One could speculate that the binding of either TDP-43,
UBP-1/LBP-1, or YY1 to TAR DNA may prevent the binding
of either TATA-binding proteins/TATA-associated factors or
general transcription factors to the HIV-1 promoter, thereby
precluding the assembly of a transcription initiation complex
(19, 54, 58). This will result in defects in the level of both basal
and Tat-induced gene expression. The interplay between both
positive and negative cellular factors is likely to be critical in
the control of HIV-1 gene expression.
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